mmobilisation causes denervation-like changes in the motor endplates, decreases the content of IGF-I, and increases the number of IGF-I receptors in the spinal cord. In the rat we investigated whether similar changes occur after a fracture of the midshaft of the femur which had been treated by intramedullary fixation with adequate or undersized pins.
Immobilisation and bone fractures lead to local osteoporotic changes as well as muscle atrophy which may persist for long periods and may not be completely reversible. [1] [2] [3] In the rat we have shown that immobilisation of one lower limb for four weeks induces denervation-like changes in the motor endplates of the immobilised muscle 4 and an increased number of IGF-I receptors in the spinal cord. 5 IGF-I, like other neurotrophic factors, is retrogradely transported from skeletal muscle to the spinal cord 6 The reason for the changes seen in the spinal cord after immobilisation may be decreased transport of IGF-I, 5, 7 and our findings have shown that immobilised calf muscles and corresponding areas of the spinal cord 8 have a reduced content of IGF-I. Apparently, not only muscle and bone, but also the nervous system is affected by disuse.
Fractures usually lead to disuse and a neurological disturbance after a fracture may have consequences for the function of the limb, at least in the short term. The risk for such effects is likely to be influenced by the treatment of the fracture. We have investigated the effects of fractures of the femur in the rat, focusing on the nicotinic cholinergic receptors (nARhRs) in fast and slow twitch calf muscles as well as the IGF-I receptors in the spinal cord.
Materials and Methods
We used 72 male Sprague-Dawley rats with a mean bodyweight of 368 ± 30 g. They were randomly divided into three equal groups after a period of adaptation of two weeks. After anaesthesia with 0.4 ml/kg of phentanyl-fluanisone (Hypnorm; Janssen Pharmaceutica, Beerse, Belgium) intramuscularly, a small incision was made above the knee and a hole drilled in the distal end of the left femur. In the first, stable (STAB) group, a 1.25 mm stainless-steel Kirschner wire was inserted into the medullary canal and in the second, unstable (UNSTAB) group, a 0.6 mm wire was inserted. A standard closed transverse fracture of the midshaft was subsequently produced by manual bending against a fulcrum. 9 In the third control group (CONT) a sham operation was performed. At the operation the rats were given 100 mg/kg of cefuroxime (Zinacef; Glaxo, Middlesex, UK) intramuscularly. Eleven rats from different groups died during the experiment mostly from the anaesthesia. During the third week after the fracture, all rats in the STAB group resumed weight-bearing on the fractured limb and by the end of four weeks all the animals had resumed normal locomotion. Six to eight rats from each group were killed at the end of 3, 6 and 12 weeks. The tibialis anterior (TIB) and soleus (SOL) muscles were removed under anaesthesia, weighed and immediately frozen in isopentane which was precooled in liquid nitrogen (-150°C). The rats were then killed and the spinal cord was removed. The tibiae and femora were removed and cleaned of soft tissue. The femora in the STAB and UNSTAB groups were checked for movement at the site of the fracture at 3, 6 and 12 weeks. The proximal portion of the femur was fixed and the degree of movement at the site of fracture at the midshaft was assessed. The stability of the fracture was graded according to the degree of movement as flexible, moderately flexible, or not flexible. Autoradiography of nAChRs. Using a cryostat, longitudinal sections of 10 m in size from the soleus (SOL) and tibialis (TIB) muscles were cut and mounted on cold microscope slides coated with chrome-alum/gelatine. The sections were used for autoradiography of ( 3 H)-labelled ␣-bungarotoxin ( 3 H-␣-BTx) receptors as described previously. 4 Briefly, they were preincubated in cold 0.05M Na-K-phosphate buffer (pH 7.4) containing 0.02% bovine serum albumin for 30 minutes and then incubated with 3 H-␣-BTx (specific activity 70 Ci/mMol) in the above buffer for 60 minutes at room temperature. Non-specific binding was defined by incubation in the presence of 10 -4 M unlabelled ␣-BTx. After incubation the sections were rinsed in the buffer to terminate the assay and then dipped in distilled water to remove buffer salts. Subsequently, they were dried under a stream of cold air and tightly juxtaposed to Fuji imaging plates for the detection of tritium (BAS-TR2025; Fuji Photo Film Co, Japan). The plates were put in special cassettes and stored in a safe for three days at room temperature (~ 25°C). Analysis was done in an image reader (BAS-5000, IP Reader; Fuji Photo Film Co) connected to a computer. For calibration, radioactive standards were exposed and developed with the sections to allow conversion of optical densities to molar quantities of receptor-bound radioligand. Quantification of ␣-BTx binding (fmoles/mg/tissue wet weight) was performed in two or three sections from each muscle. Receptor autoradiography of the spinal cord. Cryosections (10 m) from the lumbar region of the spinal cord were cut in a cryostat at -20°C and thaw-mounted on chrome-alum/gelatin-coated slides. Autoradiography of IGF-I receptors was performed as described previously. 10 Briefly, the sections were preincubated at +4°C in 50 mM Tris-HCl buffer (pH 7.7) for 10 minutes and then incubated with 30 pM recombinant 125 I-IGF-I (Pharmacia, Uppsala, Sweden) in Tris-HCl buffer for 20 hours at + 4°C. Adjacent sections were incubated in the presence of 0.1 M IGF-I to obtain non-specific binding. Specific binding was obtained by subtracting the non-specific binding from the total binding. After incubation the sections were rinsed in 50 mM Tris-HCl buffer, dipped in distilled water to remove buffer salts, dried using a stream of cold dry air and tightly juxtaposed to Fuji imaging plates (IP) specific for detection of 125 I (BAS-TR2025; Fuji Photo Film Co). The IP were then placed in metal cassettes (BAS cassette; Fuji Photo Film Co) and stored in a special lead box for nine hours at room temperature. The IP were read by the bio-image reader connected to a computer where the images were stored and then analysed using Image Gauge version 2.5.3, Science Lab 97 software. For calibration, radioactive standards were exposed and developed with the sections to allow conversion of optical densities to molar quantities of receptor-bound radioligand. Quantification of 125 I-IGF-I binding (fmoles/mg/tissue wet weight) was performed in two sections from each rat. Bone ash density. The ash density of the tibia was determined using Archimedes' principle for measurement of the volume and the method already described.
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Statistical analysis. The ipsilateral and contralateral sides were compared using a paired Student t-test and different groups by an unpaired Student t-test. Group comparison was performed using Fisher's least significant difference method for multiple comparisons in a one-way analysis of variance (ANOVA). Statistical significance was considered at p < 0.05.
Results
There were no wound infections and pseudarthrosis did not develop in any of the animals. Assessment of movement at the site of the fracture showed that in the STAB group there was little discernible movement whereas in the UNSTAB group there was a variable degree of movement at 3, 6 and 12 weeks after the fractures (Table I) . At three weeks. The wet weight of the TIB muscle ipsilateral to the fractured limb was significantly reduced in the STAB and UNSTAB groups compared with the contralateral limb (p < 0.001 and p < 0.003, respectively) (Table  II) . When compared with the CONT group, the wet weight was significantly low in the STAB and UNSTAB groups (p < 0.01 and p < 0.001, respectively) ( Fig. 1 and Table II) . Moreover, in the UNSTAB group it was significantly lower than in the STAB group (p < 0.05) (Fig. 1) . Similarly, the wet weight of the SOL muscle of the fractured side was significantly reduced in the UNSTAB groups compared with the contralateral limb (p < 0.002) (Fig. 2) and in the STAB group (p < 0.001) (Table II) . No further reduction in the wet weights of the SOL or TIB muscles was observed in the STAB group.
The nAChRs in the TIB, but not in the SOL, muscles of both the STAB and UNSTAB groups, were significantly higher than those of the corresponding side of the CONT group (p < 0.01) (Fig. 3) . No significant difference was Table I . Assessment of healing by number of rats in the UNSTAB group at 3, 6 and 12 weeks after fracture of the femur The mean (±SD) wet weight of the tibialis anterior (TIB) muscle after three weeks in the stable (STAB), unstable (UNSTAB) and control (CONT) groups (n = 6 to 8 rats) (**p < 0.01, ***p < 0.001 v CONT group; #p < 0.05 v STAB group).
Fig. 2
The mean (±SD) wet weight of the soleus (SOL) muscle in both hindlimbs of the unstable (UNSTAB) group and in the left hindlimb of the control (CONT) group after 3, 6 and 12 weeks (n = 6 to 8 rats) (*p < 0.05, **p < 0.01 v contralateral limb). The mean (±SD) level of nicotinic cholinergic receptors (nAChRs) in the tibialis anterior (TIB) muscle at three weeks in the stable (STAB), unstable (UNSTAB), and control (CONT) groups (n = 6 to 8 rats) (**p < 0.01 v CONT group). The mean (±SD) ash density of the tibia in both hindlimbs of the unstable (UNSTAB) group after 3, 6 and 12 weeks (n = 6 to 8 rats) (**p < 0.01 or ***p < 0.001 v contralateral tibia).
observed between the STAB and UNSTAB groups in either the SOL or the TIB muscles. There was no increase in nAChRs after 6 and 12 weeks. The level of IGF-I receptors in the lumbar spinal cord of the UNSTAB group was significantly increased (p < 0.02) in Rexed laminae I and II on the side ipsilateral to the fractured limb compared with the contralateral side (Table III) . No difference was seen between the fractured and contralateral side in the STAB group nor was there a difference between the STAB, UNSTAB, and CONT groups.
The ash density of the tibia ipsilateral to the fractured femur was significantly low (p < 0.01) in the UNSTAB compared with the contralateral limb (Fig. 4) . No reduction was seen in the STAB group when compared with the contralateral side or with the CONT group. After six weeks. No significant reduction in the wet weight of the TIB was observed in the UNSTAB groups. The ipsilateral wet weight of the SOL muscle was significantly reduced (p < 0.02) in the UNSTAB group compared with the contralateral limb (Fig. 2) . No significant difference was seen in the SOL muscle of the STAB group. The ash density of the tibia at six weeks was significantly reduced in the UNSTAB (p < 0.001) group compared with the contralateral limb (Fig. 4) , but not in the STAB group. At 12 weeks. The wet weight of the ipsilateral SOL muscle was significantly reduced in the UNSTAB groups (p < 0.05) compared with the contralateral limb (Fig. 2) , but it was not significantly different when compared with the CONT group (p < 0.053). The ash density of the tibia was not significantly reduced in the STAB group compared with the contralateral side or with the CONT group. In the UNSTAB group, there was no significant difference between the ash density of the fractured limb and the The (mean ±SD) ash density of the left tibia (ipsilateral to the fractured femur) after 12 weeks in the stable (STAB), unstable (UNSTAB), and control (CONT) groups (n = 6 to 8 rats) (**p < 0.01 v CONT; ##p < 0.01 v STAB groups).
contralateral side, but when compared with the STAB or CONT groups, that of the UNSTAB group was significantly low (p < 0.05) (Fig. 5 ).
Discussion
Our hypothesis was that the degree of stability at the fracture determines whether there will be a significant impairment of the neuromuscular activity. As an experimental model we chose a fracture of the femur in the rat which had been treated by intramedullary fixation. The significant increase in the junctional nAChRs in the UNSTAB and STAB groups at three weeks indicates an impairment in the muscle activity, but no receptors were observed in the extrajunctional region as is usually seen after complete disuse. 4 The increase in the nAChRs in the TIB muscle was accompanied by an upregulation of IGF-I receptors in the spinal cord of the UNSTAB group, ipsilateral to the fractured limb in accordance with an impaired supply of IGF-I to the spinal cord. 8 Although the increase in nAChRs was most obvious in the TIB muscle, slow antigravity muscles like the SOL are known to be more sensitive to disuse than fast-twitch muscles such as the TIB. Our results showed a significant reduction in the wet weight of the SOL muscle in both groups after three weeks. After six weeks, however, there was a significant reduction in the UNSTAB group only, indicating that in the STAB group the rats resumed their normal activity earlier resulting in a normal wet weight of the SOL muscle. The impaired use of the fractured limb in the UNSTAB group was reflected in the bone ash density of the tibia which was significantly reduced three and six weeks after the fracture and was still lower even at 12 weeks compared with the STAB or CONT groups. No pronounced change was seen in the STAB group. In the rat changes involving the nervous system have been shown to occur after immobilisation of one hindlimb for four to eight weeks. 8 In our study we found that a fracture of the femur in the rat led to similar, although less pronounced, changes notably in the motor endplates and the spinal cord. The changes in the lumbar spinal cord occurred in the dorsal horn thus indicating the involvement of afferent nerves. The primary event may be due to decreased transport of the IGF-I in these nerves. 6 Shortly after a fracture has united in a patient there is not only a decrease in muscle strength, but also impaired coordination which requires long-term proprioceptive and kinaesthetic training. 12 Insufficient fixation of the fracture seems to enhance the neurological changes and is accompanied by more pronounced bone and muscle atrophy. Since in our study the degree of fixation of the fracture appeared as a significant modifier, disuse may be the most important factor explaining the differences found, but other effects from movement at the site of the fracture such as more severe pain or increased metabolic activity of the fracture callus could also contribute. We believe that the observed change in the spinal cord is an important element of post-traumatic response affecting the nervous system. This includes impaired proprioception, motor neurone activity and co-ordination. Adequate fixation of the fracture may promote the recovery partly by preventing such neuronal changes. Further studies are necessary to determine whether treatment with IGF-I can be of benefit in rehabilitation programmes after long periods of disuse. This may be of particular interest when aiming at restoring highly complex patterns of movement such as in athletics.
